The Main Central Thrust Zone (MCTZ) is a key tectonic feature in the architecture of the Himalayan chain. In the Arun valley of the eastern Nepal Himalaya, the MCTZ is a strongly deformed package of amphibolite-to granulite facies metapelitic schist and granitic orthogneiss. This package is tectonically interposed between the underlying, low-grade, Lesser Himalaya sequences and the overlying, high-grade and locally anatectic, Higher Himalayan Crystallines (HHC). The MCTZ is characterized by a well documented inverted metamorphism from the Grt-Bt zone, across the Ky-in, St-in and -out, Kfs-in, Ms-out and Sil-in isograds. Partial melting with local occurrence of migmatitic segregations has been rarely reported from the highest structural levels of the MCTZ. While it is widely accepted that thrusting along the MCT occurred during the Miocene, geochronological data constraining the timing of crustal anatexis in the upper portion of the MCTZ are still lacking. In order to understand the link between partial melting in the MCTZ and the Miocene activation of the MCT, we present the P-T-time evolution of a kyanite-bearing anatectic gneiss occurring at the highest structural levels of the MCTZ, along the Arun-Makalu transect (Eastern Nepal). Microstructural observations combined with P-T pseudosection analysis show that dehydration partial melting occurred in the kyanite-field. After reaching peak conditions at about 820°C, 13 kbar, the studied sample experienced decompression accompanied by cooling down to 805°C, 10 kbar, which caused in situ melt crystallization. SHRIMP monazite and zircon geochronology provides evidence that the anatexis affecting the upper portion of the MCTZ occurred during Early Oligocene (~31 Ma). These results demonstrate that in the upper MCTZ, at least in the eastern Himalaya, crustal anatexis was earlier than, and not a consequence of, decompression linked to exhumation along the MCT.
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. In spite of the still scarce geochronological data available for the MCTZ, its metamorphic evolution is well constrained. The MCTZ is characterized by inverted metamorphism from the garnet-biotite zone, across the staurolite-in, kyanite-in, K-feldspar-in, muscovite-out and sillimanite-in isograds (e.g. Le Fort, 1975; Hodges et al., 1988; Hubbard, 1989; Pêcher, 1989; Inger and Harris, 1992; Meier and Hiltner, 1993; Lombardo et al., 1993; Macfarlane, 1995; Guillot, 1999; Vannay and Hodges, 1996; Fraser et al., 2000; Goscombe and Hand, 2000; Dasgupta et al., 2004) . Partial melting with local occurrence of migmatitic segregations has been rarely reported from the highest structural levels of the MCTZ (Hubbard, 1989; Goscombe et al., 2006; Dasgupta et al., 2009; Groppo et al., 2009) . P-T conditions of this partial melting event have been recently constrained by Groppo et al. (2009) for a kyanite-bearing anatectic metapelite occurring in Eastern Nepal (east side of the Arun Valley) and by Dasgupta et al. (2009) in Sikkim. Crustal anatexis in the upper portion of the MCTZ differs from the partial melting in the HHC because it occurred at higher pressures, leading to the development of kyanite-bearing assemblages, whereas migmatites from the HHC are generally characterized by lower-P sillimanite ± cordierite assemblages (e.g. Pognante and Benna, 1993; Goscombe et al., 2006 ; see also section 7.1). Geochronological data constraining the timing of crustal anatexis in the upper portion of the MCTZ are still lacking.
This paper focuses on the reconstruction of the P-T-time evolution of a garnet-K-feldsparkyanite anatectic gneiss (AR2) occurring at the highest structural levels of the MCTZ, along the Arun-Makalu transect (Eastern Nepal). Microstructural observations combined with the thermodynamic approach of P-T pseudosections and SHRIMP monazite and zircon geochronology allowed to date the partial melting occurring in the upper portion of the MCTZ. The obtained Early-Oligocene age (~31 Ma) is the oldest age reported for the peak of metamorphism in the MCTZ, and is possibly bound to significantly affect future geodynamical modelling of the Himalayan chain. Goscombe et al. (2006) described the crustal architecture of the Himalaya in eastern Nepal as consisting of two main lithotectonic units: the Lesser Himalayan Sequence (LHS) and the Greater Himalayan Sequence (GHS). The LHS and GHS are separated by a stratigraphic unconformity (Himalayan Unconformity, HU), not corresponding to a deformational discontinuity but defined on the basis of lithostratigraphic, isotopic and geochronological data (Goscombe et al., 2006 , with references therein). The same authors define the MCTZ as a strongly deformed package of both LHS and GHS amphibolite-facies metapelitic schist and granitic orthogneiss characterized by a well documented inverted metamorphism and structurally sandwiched between two major deformational and metamorphic discontinuities (cf. their Fig. 3 ): (i) the Main Central Thrust (MCT) at its bottom, which separates the MCTZ from the underlying Lesser Himalaya units, and (ii) the High Himal Thrust (HHT) at its top, which separates the MCTZ from the overlying high-grade HHC (corresponding to the Upper Plate of Goscombe et al., 2006) . In eastern Nepal, the HHT occurs within the GHS, at a structural level higher than the HU, whereas in central and western Nepal it roughly coincides with the HU. As a consequence, the MCTZ has a variable thickness along the Himalayan front (cf. Fig. 2 in Goscombe et al., 2006) , ranging from ~ 20 km in eastern Nepal to a few kilometres in central and western Nepal. Searle et al. (2008) also attempted to find a common definition for the Main Central Thrust in Nepal, mainly using structural criteria. According to these authors, the position of the MCT is approximately the same as in Goscombe et al. (2006) ; however, they did not discuss the existence of the HHT, considering the anatectic gneisses below and above this structure as part of the same GHS metamorphic package. As a consequence, the MCTZ as defined by Goscombe et al. (2006) has not been recognised by Searle et al. (2008) . Our field and petrologic data are in agreement with the observations of Goscombe et al. (2006) : therefore, this paper will follow their structural and metamorphic scheme. It has however to be noted that in other areas of the eastern Himalaya, MCT and MCTZ have been defined differently (e.g. Catlos et al., 2004 , Dasgupta et al., 2009 ) and thus the data presented here are compared to rocks occupying a similar structural level independently of their proposed structural unit.
Geological setting 2.1 Summary of the MCTZ in eastern Nepal

Tectonometamorphic units in the Arun Tectonic Window
The valley of the Arun River, flowing in a N-S direction from the Tibetan plateau N and E of the Everest and Makalu massifs to the Terai plain, offers a complete section of the eastern Himalayan nappe pile as it cuts through the Arun Tectonic Window (ATW) (Bordet, 1961 and references therein; Hagen, 1969) . The ATW is centred on the Arun antiform ("trans-anticlinal de l'Arun" - Bordet, 1961) , a major late-tectonic structure c. 100 km long, and strikes N to NE transversely to the E-W trend of the eastern Himalaya, from the lower Arun valley to beyond the Nepal-China boundary in the upper Arun valley (Fig. 1 ). From S to N, i.e. from the core of the window structurally upwards in the nappe pile, the tectonic units exposed in the ATW are ( Fig.1b) :
(i) the Lesser Himalaya Tumlingtar Unit (Lombardo et al., 1993) , a thick sequence of lowgrade Upper Precambrian phyllite and quartzite bounded to the N at its top by a thrust zone (Main Central Thrust Zone of Meier and Hiltner, 1993) . The Tumlingtar Unit corresponds to the low-grade metasediments defined elsewhere in E Nepal as Seti formation (Shresta et al., 1984) , which are a distinctive component of the upper Lesser Himalaya nappe pile. (ii) the Main Central Thrust Zone, consisting of an inverted metamorphic sequence of garnetbiotite-, staurolite-, kyanite-to sillimanite-grade micaschists and granitic orthogneiss (Khandbari Orthogneiss, Andrews, 1985; Num Orthogneiss, Lombardo et al., 1993) , lying on top of the Tumlingtar Unit. The MCTZ was formerly called Lesser Himalayan Crystalline by Lombardo et al. (1993) , basing on the hypothesis that it could represent a coherent tectonic unit. Recent petrological studies (Goscombe et al., 2006; Groppo et al., 2009) , however, have shown that different metamorphic packages, characterized by different P-T evolutions and T/depth ratios and separated by transitional, often cryptic, metamorphic discontinuities, are superposed within the MCTZ. (iii) the Higher Himalayan Crystalline nappe (Tibetan Slab of Bordet, 1977) bounded at its bottom, on both sides of the ATW, by thrust sheets defining a major synmetamorphic thrust (High Himal Thrust -HHT -of Goscombe et al., 2006 , formerly noted as Main Central Thrust by Bordet, 1961 and Lombardo et al., 1993) .
The Arun-Makalu transect
In the transect from the Arun valley, W of Num, to Makalu through the Barun valley (Brunel and Kienast, 1986; Pognante and Benna, 1993; Goscombe and Hand, 2000) , the MCTZ is a complex sequence of Barrovian metamorphic rocks bounded at the top by a belt of thrust sheets (Bordet, 1961; Lombardo et al., 1993) (Fig. 1c ) that are roughly coincident with the HHT as defined by Goscombe et al. (2006) . Metamorphic grade increases up section from garnet-biotite zone at the bottom (Arun River) to staurolite-(Tashigaon), kyanite-and sillimanite-K-feldspar zones (above Tashigaon) (e.g. Pognante and Benna, 1993; Goscombe and Hand, 2000) . Partial melting with local occurrence of migmatitic segregations has been reported from the highest structural levels of the MCTZ by Goscombe et al. (2006) . A belt of metasedimentary and metagranitic thrust sheets, approximately coincident with the HHT as defined by Goscombe et al. (2006) , separates the MCTZ from the overlying HHC. The metasedimentary rocks of the thrust sheets are garnet-kyanite-biotite-muscovite micaschists and gneisses with calcsilicate rocks. The metagranitic thrust sheets are associated with garnet amphibolites, some of which are anthopyllite/gedrite amphibolites that record decompression from higher P and lower T assemblages (anthopyllite/gedrite+kyanite) to lower P and higher T assemblages (garnet+cordierite) . The lower part of HHC is a 6-7 km thick sequence in which upper amphibolite-to medium-P granulite-facies metasediments (Barun Gneiss; Bordet, 1961; Brunel and Kienast, 1986; Lombardo et al., 1993; Pognante and Benna, 1993; Goscombe et al., 2006) are associated with large tabular bodies of granitic orthogneisses (Namche Migmatite Orthogneiss; Lombardo et al., 1993) . The granite protolith is Early Paleozoic (Ferrara et al., 1983; Tonarini et al., 1994; Viskupic et al., 2005) . Both the metasediments and the orthogneisses display evidence of medium-to low-P partial melting due to hydrate-minerals breakdown and are characterized by sillimanite ± cordierite assemblages.
The upper part of the HHC in the Barun valley consists of biotite paragneisses and micaschists (Black Gneiss; Bordet, 1961) . These metamorphic rocks host networks and lens-shaped bodies of two-micas and tourmaline-bearing leucogranites, which can be as thick as 1-2 km (Makalu, Baruntse). Both leucogranite types were produced by partial melting under LP/HT conditions (P≈3-3.5 kbar, T≈640-700°C) in the andalusite-sillimanite stability field; the prograde character of leucogranite melt-producing reactions in the Everest-Makalu area suggests that the generation of Miocene leucogranites took place in a regime of nearly isobaric heating following nearly isothermal decompression (Visonà and Lombardo, 2002) .
Further up in the sequence, the top of the HHC coincides with the muscovite-in isograd and appears as a major intracrustal detachment zone (South Tibetan Detachment System, STDS, Burchfiel et al., 1992) , which brought the HHC into contact with the low-grade metasediments at the base of the Tethyan Zone (North Col Formation) and Ordovician limestones during the Miocene. Meso-and microstructural investigations in different regions (Mt. Everest: Carosi et al., 1998; Searle, 1999; Bhutan: Grujic et al., 1996; Annapurna-Manaslu: Searle and Godin, 2003) revealed that the STDS comprises two discrete detachments, one ductile and one fragile.
Kyanite-bearing migmatites at the top of MCTZ
The structurally highest portion of the MCTZ along the Arun-Makalu transect is poorly exposed and outcrops are mainly limited to creek beds within a dense forest. The sample studied in this paper was collected from an outcrop located in the second creek above the village of Tashigaon, just below Dahara Kharka (Fig. 1c ). The outcrop consists of a medium-grained, garnet-biotite gneiss with elongated, centimetres-thick, quartzo-feldspathic lenses and pods parallel to the main foliation, which dips about 40° to the NW.
Methods
The rock-forming minerals were analysed with a Cambridge Stereoscan 360 SEM equipped with an EDS Energy 200 and a Pentafet detector (Oxford Instruments) at the Department of Mineralogical and Petrological Sciences, University of Torino. The operating conditions were: 50 seconds counting time and 15 kV accelerating voltage. SEM-EDS quantitative data (spot size = 2μm) were acquired and processed using the Microanalysis Suite Issue 12, INCA Suite version 4.01; natural mineral standards were used to calibrate the raw data; the ΦρZ correction (Pouchou and Pichoir, 1988) was applied.
Trace element analyses of garnet and monazite were performed by laser ablation -ICP-MS at the Research school of Earth Science, The Australian National University. A pulsed 193 nm ArF Excimer laser with 100 or 70 mJ energy and a repetition rate of 5 Hz (Eggins et al. 1998 ), coupled to an Agilent 7500 quadrupole ICP-MS were used. During the time-resolved analysis of minerals, the contamination from inclusions, fractures and zones of varying compositions was detected by monitoring several elements. A spot size of 40 µm for monazite and 70 or 112 µm for garnet were used. External calibration was performed relative to NIST 612 glass, at the concentrations given in Pearce et al. (1997) . Internal standards were Ca and Si for garnet and Ca for monazite, as measured by electron microprobe.
The bulk rock composition of sample AR2 for the thermodynamical modelling was calculated by combining the mineral proportions obtained from the image analysis of the thin section with mineral chemistry acquired at SEM-EDS (Table 1) . More in detail, image analysis (software Scion Image, Scion Corporation, Frederick, Maryland) was used to measure the modal proportions of biotite, garnet and kyanite, whereas those of quartz and feldspars were estimated as Qtz:Kfs:Pl=4:3:2 by visual estimate. This bulk composition is comparable with that calculated using the ICP-MS analysis by ALS Chemex, Vancouver, Canada (see Table 2b ) and was preferred because the precise estimate of the biotite modal percentage is required to derive the H 2 O content in the bulk. H 2 O was derived from the modal proportion of biotite and using the biotite Ti-H substitution scheme of White et al., 2007. Zircon and monazite for the geochronological study were separated from sample AR2 with conventional magnetic and heavy liquid methods. Grains were mounted in epoxy and polished down to expose the grain centres. Cathodoluminescence (CL) and back-scattered electron (BSE) images of zircon and monazite, respectively, were carried out at the Electron Microscope Unit, The Australian National University. The CL investigation was performed with a HITACHI S2250-N scanning electron microscope working at 15 kV, ~60 µA and ~20 mm working distance. BSE images of monazite were obtained with a Cambridge S360 scanning electron microscope using a voltage of 20 kV, current of 2 nA and a working distance of 17 mm.
U-Th-Pb analyses were performed using a sensitive, high-resolution ion microprobe (SHRIMP II) at the Research School of Earth Sciences. Instrumental conditions and data acquisition were generally as described by Williams (1998) . The data were collected in sets of six scans throughout the masses. The measured 206 Pb/ 238 U ratio was corrected using reference zircon (TEM, 417 Ma, Black et al. 2003) and Thompson Mine monazite (1766 Ma, Paces and Miller, 1993) . Calibration errors were 1.9% (2σ) for zircon and 1.6 for monazite. For monazite, energy filtering was applied to eliminate the interference on 204 Pb (Rubatto et al., 2001) and reduce any potential matrix effect. Zircon and monazite data were corrected for common Pb on the basis of the measured 204 Pb as described in Williams (1998) . Common Pb corrections for the analyses yielding Eocene ages using the measured 207 Pb/ 206 Pb ratio (Williams, 1998) returned identical results. U concentration in zircon was standardised to SL 13 zircon, which contains 238 ppm of U. Age calculation was done using the software Isoplot/Ex (Ludwig, 2003) and assuming the common Pb composition predicted by Stacey and Kramers (1975) .
Petrography and mineral chemistry 4.1 Microstructure
The studied sample shows a gneissic structure and mainly consists of quartz, K-feldspar, plagioclase, biotite, garnet, minor kyanite, very rare prismatic sillimanite and accessory rutile, monazite, apatite and zircon. Two different domains have been recognised ( Fig. 2) :
Fine-grained, biotite-rich, domains (representing ~ 10 vol% of the whole sample): in these mm-thick layers biotite is weakly oriented and defines a discontinuous foliation ( Fig. 2a-c) .
It is always associated with fine-grained plagioclase ( Fig. 2f ), minor K-feldspar and rare prismatic sillimanite partially overgrowing biotite ( Fig. 3a ).
(ii)
Coarse-grained domains: they consist of variably re-crystallized quartz ribbons, K-feldspar porphyroblasts ( Fig. 2c ), minor large crystals of antiperthitic plagioclase ( Fig. 2e ), kyanite (up to 3-4 mm in length, Fig. 2a -c-g) and garnet ( Fig. 2a-b ). Minor biotite is preserved as oriented inclusions in quartz ribbons ( Fig. 2c ), in both plagioclase and K-feldspar porphyroblasts and, more rarely, in kyanite ( Fig. 2f ). The coarse-grained domains are partially corroded by the fine-grained, biotite-rich layers, according to the following observations: (a) K-feldspar porphyroblasts are corroded by myrmekites and biotite + quartz intergrowths ( Fig. 2d ), (b) the large antiperthitic plagioclases are partially replaced by finer grained plagioclase of the matrix ( Fig. 2e ); (c) large garnet porphyroblasts (up to 5 mm in diameter) are partially replaced by plagioclase + biotite intergrowths ( Fig. 2b -i-l); (d) large kyanite crystals are partly corroded by plagioclase + biotite ± K-feldspar aggregates only when they are in contact with the fine-grained matrix ( Fig. 2g ). Rutile, apatite, monazite and zircon occur as accessory phases. Zircon is abundant both in the finegrained biotite-rich domains ( Fig. 3b ) and in garnet; monazite is mainly interstitial in the finegrained biotite-rich domains ( Fig. 3a ) and, when included in garnet, it is only present at the garnet rim ( Fig. 2b ). Monazite contains small (~5µm) composite inclusions consisting of biotite, muscovite, quartz, and K-feldspar which may represent former melts (see in the discussion, section 7.2), and suggest that this accessory mineral grew in equilibrium with a quartz + feldspar + biotite melt-bearing assemblage.
Mineral chemistry
Garnet porphyroblasts are strongly zoned ( Fig. 4) : the Ca content is low in the core [X Ca =0.05-0.06; X Ca =Ca/(Ca+Mg+Fe)], sharply increases in a Ca-rich annulus (X Ca =0.14-0.15) and then sharply decreases in the rim (X Ca =0.08-0.09). A steep decrease in X Ca (X Ca =0.03-0.04) occurs at the outermost rim. The Fe/(Fe+Mg) ratio (X Fe ) progressively increases from 0.74-0.75 in the core to 0.78-0.79 in the outermost rim ( Fig. 4 and Table 1 ). Mn content is low and constant (X Mn =0.02-0.04) throughout the garnet porphyroblasts. Small relicts of garnet preserved in the biotite + plagioclase intergrowths are enriched in both Mn and Fe (X Mn =0.05-0.06; X Fe =0.80-0.83), and show a lower X Ca =0.03-0.05. Phosphorous concentration is low (47-51 ppm) in both garnet core and Ca-rich annulus, whereas it sharply increases toward the rim (105-203 ppm) ( Fig. 4 and Table A available as background dataset). Ti and Y generally increase from core to the Ca-rich annulus (Ti=90→170 ppm; Y=600→1250 ppm) and sharply decrease toward the rim (Ti=75-90 ppm; Y=300-500 ppm) ( Fig. 4) . REE patterns for all domains (Fig. 5) show a depletion in LREE, a marked Eu negative anomaly but vary significantly in mid-to heavy-REE. The core has a flat to slightly concave HREE pattern at 200-600 times chondrite; the Ca-rich annulus partly overlaps with the core but also has the most enriched patterns at 900 times chondrite and slightly concave patterns with Yb ~200 times chondrite; the rim is distinct in having the lowest HREE concentrations and concave patterns with Yb down to 75 times chondrite.
Biotite flakes occurring in the fine-grained layers and in the biotite + plagioclase intergrowths are characterized by significantly different X Fe and Ti contents. Biotite in the finegrained layers has X Fe =0.49-0.52 and Ti=0.24-0.27 a.p.f.u., whereas biotite in the intergrowths has lower X Fe (0.40-0.49) and Ti contents (0.15-0.23 a.p.f.u.) (Table 1 ). Plagioclase occurs in three different microstructural positions, namely as: (i) large porphyroblasts in the coarse-grained domains ( Fig. 2e ), (ii) finer-grained crystals in the biotite-rich fine-grained layers (Fig. 2f ), and (iii) in the biotite + plagioclase intergrowths developed at the garnet rims ( Fig. 2i -l). The composition of plagioclase in these microstructural positions is significantly different: the large, antiperthitic plagioclase has lower Ca (X Ca =0.23-0.24) and always contains some K (X Or =0.02-0.03), plagioclase in the fine-grained layers shows X Ca =0.24-0.26, whereas plagioclase in the intergrowths is the richest in Ca (X Ca =0.26-0.27) ( Table 1) . K-feldspar is slightly variable in composition, with albite content ranging from 0.15-0.21 (large porphyroblasts in the coarse-grained domains, Fig. 2c ) to 0.08-0.17 (in the fine-grained layers) (Table 1) .
Microstructural evidence of partial melting
Microstructural evidence suggests that the studied rock underwent dehydration partial melting:
(i) The presence of coarse-grained quartz-feldspathic layers and elongated pods partially corroded by the fine-grained biotite-rich matrix ( Fig. 2a -c) is suggestive of residual quartz and feldspars (K-feldspar and plagioclase porphyroblasts) corroded by former melt, finally crystallized as biotite + plagioclase aggregates (see also Indares et al., 2008 and Guilmette et al., pers. com.) . Biotite flakes included in restitic quartz and feldspars ( Fig. 2c ) also escaped anatexis. Kyanite mainly occurs in the coarse-grained domains ( Fig. 2a) ; however, there is no clear evidence of its growth during partial melting (e.g. inclusions of K-feldspar, see Guilmette et al., pers. com.), and it can thus be interpreted either as a residuum or as a peritectic phase. (ii) The presence of lobate inclusions of quartz in garnet core ( Fig. 2b ) has been inferred by Waters (2001) to be indicative of garnet growth via a partial melting reaction: as a consequence, garnet has been interpreted as a peritectic phase; (iii) Textures consistent with pseudomorphing of liquid-filled pores (e.g. Holness & Clemens, 1999; Holness & Sawyer, 2008) are locally present, such as thin films of K-feldspar with low dihedral angles against refractory solids ( Fig. 2h ); (iv) Biotite + quartz intergrowths are developed at the expenses of K-feldspar, and biotite + plagioclase intergrowths are present at the rim of porphyroblastic garnet ( Fig. 2i-l ). Similar microstructures in pelitic granulites have been interpreted as consistent with the final stages of back-reactions involving melt crystallization (e.g. Waters, 2001; Cenki et al., 2002; Álvarez-Valero and Kriegsman, 2010) .
The presence of microstructures consistent with the crystallization of a trapped melt (i.e. intergrowths related to back reactions, pseudomorphs of liquid-filled pores) indicates that melt was not completely extracted from the rock. However, the preservation of the HT granulitic assemblage K-feldspar + garnet + kyanite and the absence of muscovite suggest that a substantial proportion of the produced melt was removed from the sites of melting (e.g. White and Powell, 2002; Guilmette et al., pers. com.) .
Results: modelling of metamorphic evolution
The successful application of conventional thermobarometry to high grade, partially melted rocks is limited by the extensive resetting of garnet and biotite compositions during cooling, and by the fact that most or even all the biotite may be a retrogression product. Recent improvements in thermodynamic databases, melt and solid solution models and in the development of methods for taking into account possible melt loss during the rock evolution (White and Powell, 2002; White et al., 2004 White et al., , 2007 Halpin et al., 2007) , suggest that P-T pseudosections are the most suitable approach to constrain the P-T evolution of anatectic rocks (e.g. Indares et al., 2008; Powell and Holland, 2008) . Sample AR2 was modelled in the model system NCKFMASTH; Fe +3 was neglected because Fe +3 -rich oxides are lacking and the amount of Fe +3 in the analysed minerals is very low. The spessartine content in garnet is homogeneous and lower than 4 mol%, therefore a Mn-free system has been considered. Pseudosections have been calculated following the approach of Connolly (1990 Connolly ( , 2009 ) and using the internally consistent thermodynamic dataset and equation of state for H 2 O of Powell (1998, revised 2004) . The minerals considered in the calculation were: garnet, biotite, white mica, plagioclase, K-feldspar, cordierite, anhydrous Al-silicates, orthopyroxene, quartz, rutile and ilmenite. The following solid solution models were used: phengite and cordierite (Holland and Powell, 1998) , garnet (White et al., 2000) , Ti-biotite , plagioclase (Newton et al., 1980) , K-feldspar (Waldbaum and Thompson, 1969) , orthopyroxene (Powell and Holland, 1999) and silicate-melt White et al., 2001) . The fluid was considered as pure H 2 O (aH 2 O=1).
The modelled modal proportions of each phase have been used to check the consistency between the pseudosection and the observed mineral assemblage, which corresponds to the mineral assemblage present during final melt crystallization (i.e. at the solidus) (e.g. Indares et al., 2008; Guilmette et al., pers. com.) . The garnet zoning offers further information on the P-T evolution of sample AR2. Ca zoning similar to that observed in the studied sample has been reported from other high-T metamorphic terranes (e.g. Spear et al., 1990; Kohn et al., 1997; Spear et al., 1999; Indares et al., 2008) and has been inferred to represent a preserved growth zoning, due to the slow diffusivity of Ca in garnet. The steep decrease in X Ca observed at the outermost garnet rim is likely due to retrograde net transfer reactions, and because in anatectic rocks net transfer reactions usually end when melt solidifies, the X Ca of the outermost rim likely represents the conditions of melt crystallization. On the contrary, the uniform Fe/(Fe+Mg) ratio (X Fe ) in the garnet core is typical of diffusional homogenization at high temperatures, which results in the obliteration of Fe-Mg growth zoning. Therefore, X Fe of the core is considered to represent the most reasonable parameter for peak-T determination, that should however be considered as a minimum T, because X Fe may have been modified to some extent by diffusion during cooling (see also Indares et al., 2008) . Finally, the continuous increase in X Fe toward the rim and in the small garnet relics preserved in the biotite + plagioclase intergrowths ( Fig. 2i-l) represents a diffusion-controlled retrograde zoning due to the exchange of Fe-Mg between garnet rims and biotite during cooling (e.g. Florence and Spear, 1991; Spear, 1991) , possibly continuing at sub-solidus conditions. From these considerations and following the method proposed by Indares et al. (2008) and Guilmette et al. (pers. com.) , the intersection of the X Ca isopleths at the outermost garnet rim and the solidus can be inferred to represent the conditions of melt crystallization, whereas the X Fe of the core combined with the X Ca of the garnet rim (see Indares et al., 2008 for a discussion) give a reasonable estimate of the minimum peak-T and P conditions.
Modelling the metamorphic evolution of partially melted rocks is further complicated by possible episodes of melt loss. If some melt loss occurred, then the actually measured bulk rock composition allows the modelling only of the near-to-the-peak and the retrograde evolution, i.e. from the beginning of melt crystallization to the crossing of the solidus of the system (White et al., 2004; Indares et al., 2008) . We have circumvented this problem by calculating two different pseudosections, representing two defensible end-member cases: (i) a first pseudosection using the measured bulk-rock composition (AR2a , Table 2a ), to constrain the P-T evolution from peak temperatures to the complete crystallization of the melt; (ii) a second pseudosection using a bulk composition (AR2b , Table 2a ) obtained from one-step melt re-integration following the method of Indares et al. (2008) , to evaluate the evolution of the studied sample in the case it started melting at the water saturated solidus (i.e. if the rock contained the maximum possible amount of micas).
Peak and retrograde evolution
Peak and retrograde evolution of sample AR2 were modelled in a first pseudosection calculated in the P-T interval 700-900°C, 5-15 kbar using the measured bulk rock composition AR2a (Table 2a ). This pseudosection (Fig. 6a ) mainly consists of tri-and quadri-variant fields with minor di-variant fields. Due to the relatively low water content, the solidus of the system is located at T >800°C for P <12 kbar, whereas the solidus coincides with the white mica-out reaction at P >12 kbar. At P <12 kbar, the isomodes modelled for all the phases are parallel to the solidus (see Fig. A1 , available as background dataset): the mineral proportions calculated at the solidus (Table 2b ) are in good agreement with the observed modal amount of each phase, thus confirming the consistency of the modelling. The peak assemblage melt + garnet + biotite + K-feldspar + plagioclase + kyanite + quartz + rutile is modelled by a tri-variant field (field I in Fig. 6 ) at 790<T<870°C and P >9 kbar, at T immediately above the solidus and below the biotite-out curve. The maximum amount of melt produced in field I is about 5 vol% at the high-T limit of field I (Fig. 6a) . The intersection between the X Ca =0.03-0.04 isopleths at the garnet outer rim (and garnet relics in the biotite + plagioclase intergrowths) and the solidus constrains the P-T conditions of melt crystallization at about 805°C, 10 kbar (Fig. 6b ). These P-T conditions approximately coincide with the kyanite-sillimanite transition, thus accounting for the local occurrence of sillimanite in the finegrained biotite-rich domains. The X Fe =0.78-0.79 isopleths at the outermost garnet rim are modelled at T immediately below the solidus (730-800°C; Fig. 6b ), thus confirming that the Fe-Mg exchange between garnet rim and biotite may continue, depending upon the cooling rate, at sub-solidus conditions. As previously discussed (cf. section 5), minimum peak-T and P conditions are constrained by the X Fe of garnet core and X Ca of garnet rim at about 820°C, 13 kbar, in the field I. At these P-T conditions the amount of melt produced was very low (ca. 1.5 vol%), significantly lower than the modal amount of fine-grained, biotite-rich domains actually observed in sample AR2 (~ 10 vol%; Fig. 2a ) that are interpreted as the sites of melt production and crystallization (see section 4.3).
Therefore, the measured bulk composition cannot represent the composition of the protolith, but should result from some melt extraction during the rock evolution. Further evidence of melt loss is the preservation of the peak assemblage including kyanite and the absence of white mica (see Section 4.3).
The effects of melt loss
It is impossible to know the amount of melt lost and its composition, thus making it impossible to obtain the exact composition of the sub-solidus protolith. However, it has been demonstrated that re-integration of melt into the measured bulk composition is a reasonable method to obtain an approximate protolith composition (e.g. White et al., 2004; Indares et al., 2008) . Following the method proposed by Indares et al. (2008) , a second pseudosection was calculated using a bulk composition (AR2b , Table 2a ) obtained by a one-step melt reintegration into the measured rock composition. The composition of the lost melt was calculated at the intersection of the solidus with a presumed prograde P-T path (820°C, 14 kbar). An amount of melt (14 mol%) with that composition, sufficient to bring the solidus down temperatures to H 2 O saturated conditions, was then added to the bulk composition AR2a. This pseudosection represents the end-member case of a rock containing the maximum possible amount of micas before melting (e.g. Indares et al., 2008) , and thus maximizes the extent of the liquid-present fields.
The pseudosection resulting from the melt re-integrated composition AR2b (Fig. 7) differs from the first one in that the solidus is considerably shifted down-T (i.e. T<670°C for P<12 kbar, not shown in Fig. 7) : therefore there are significant differences between the parts of Fig. 6 at T below the solidus (melt-absent fields) and the equivalent parts of Fig. 7 (melt-present fields) . The most important differences are that in the melt-reintegrated pseudosection of Fig. 7 : (i) the stability of white mica is extended to lower P, and (ii) garnet disappears from the low-T and low-P fields. The variation in garnet stability suggests that, for this approximate protolith composition, garnet grew entirely in the supra-solidus domain at T>750°C. As concerning field I, its low-T boundary is slightly shifted down-T, whereas its upper-T boundary remains unchanged. On the contrary, the topologies at the high-T side of the two pseudosections (supra-solidus domains of Fig. 6 ) are very similar (e.g. White and Powell, 2002; Indares et al., 2008) , as well as the locations of compositional isopleths within field I (cf. Fig. A2 available as background dataset).
According to the melt-reintegrated pseudosection, at the estimated peak P-T conditions (820°C, 13 kbar) the amount of melt produced was 14-15 vol%. This amount should be considered as a minimum estimate, because the modelled peak-T are minimum-T. The maximum amount of melt produced in field I is around 20 vol%. These amounts of melt are higher than the observed modal percentage of fine-grained biotite-rich domains considered as the sites of melt crystallization (~ 10 vol%, cf. section 4.3), and are also higher than the critical threshold of 7 vol% required for melt to be able to escape from its source (e.g. Rosenberg and Handy, 2005; Brown, 2007) . Therefore, the observed modal amount of fine-grained biotite-rich domains (i.e. sites of former melt) is compatible with the production of a 14-20 vol% of melt and its partial extraction during the rock evolution.
The effects of apatite dissolution and the prograde evolution
The prograde P-T evolution of sample AR2 should be constrained using the prograde growth zoning preserved in the garnet core and Ca-rich annulus. As described in section 4.2 (and Fig. 4) , however, the increase in X Ca from the core to the annulus (X Ca =7→15) is sharp and discontinuous. Along any prograde P-T path that could be envisaged in both pseudosections of Fig. 6 and 7 , an increase in X Ca would be more progressive. Therefore other factors, not accounted for in the modelling, should be considered to explain the sharp and discontinuous increase in X Ca from the core to the annulus. Ca zoning in garnet from an anatectic metapelite that resembles the zoning observed in sample AR2 has been interpreted by Indares et al. (2008) as related to apatite dissolution at relatively high pressures. According to this hypothesis, the incorporation of Ca in the melt is not favoured and Ca released from apatite would then be incorporated in garnet. The consequence of this hypothesis is that the growth of the Ca-rich annulus cannot be modelled using bulk compositions AR2a or AR2b, because the increase in X Ca in garnet is controlled by a local change in the effective bulk composition. A quantitative modelling of the prograde growth of garnet is, therefore, not possible because: (i) the amount of apatite initially present in the protolith, and the amount of apatite dissolved in the melt during anatexis are unknown; (ii) modelling should consider a system with phosphorous as an additional component and apatite as an additional phase, but thermodynamic data for phosphorousbearing systems are presently lacking. Qualitatively, the increase of CaO available in the system due to apatite dissolution, would cause a shift of the X Ca isopleths of garnet down-P. This, suggests that growth of the Ca-rich annulus may have not necessarily been related to an increase in P, but rather to a local change in the effective bulk composition in the sites of apatite dissolution.
The zoning trends of P, Ti and Y further confirm the reaction history of garnet inferred on the basis of X Ca zoning and P-T pseudosection analysis. The zoning trend of P, combined with that of Ca, may be interpreted as related to the following processes ( Fig. 4) : (i) apatite was stable during the growth of garnet core, so that Ca and P contents in garnet were at their minimum; (ii) apatite began to dissolve during the growth of the Ca-rich annulus: as a consequence, Ca sharply increases in garnet whereas P, which has a strong affinity for the melt, remained low in garnet; (iii) during the diffusion-controlled retrograde re-equilibration of the garnet outer rim melt began to crystallize, driving a P increase in the remaining melt, which in turn resulted in an increase of P in garnet. As concerning the other trace elements, the Ti increase from garnet core to the Ca-rich annulus may be interpreted as due to prograde growth of garnet via a partial melting reaction involving a Ti-rich phase (biotite and/or phengite), in agreement with the results of pseudosections. The Ti decrease toward the garnet rim may be related to the growth of retrograde biotite through back-reaction with melt. Finally, the Y trend in garnet suggests a prograde dissolution of a Y-phase (Y increased in Grt) followed by the growth of monazite during the formation of the garnet rim and the final melt crystallization (Y decreased in Grt rim) (e.g. Jung and Hellebrand, 2006) .
Conclusions from the modelling
Microstructures, mineral chemistry and zoning, and petrologic modelling allow reconstructing a portion of the P-T evolution of sample AR2. In particular: (i) Sample AR2 experienced partial melting in the kyanite stability field, at minimum peak P-T conditions of 820°C, 13 kbar. At these P-T conditions, corresponding to the growth of garnet rim, a maximum of 14-20 vol% of melt was produced; (ii) During the following decompression accompanied by a slight cooling, some melt was likely extracted from the source allowing the preservation of the peak assemblage garnet + Kfeldspar + kyanite. The remaining ~ 10 vol% of melt progressively crystallized in situ leading to the development of the fine-grained biotite + plagioclase domains;
(iii) Sample AR2 crossed the solidus at about 805°C, 10 kbar, i.e. at the kyanite to sillimanite transition; (iv)
The prograde evolution of sample AR2 cannot be quantitatively modelled on the basis of garnet prograde zoning because the sharp and discontinuous increase in X Ca from the core to the annulus is likely related to a local enrichment in Ca due to apatite dissolution. Modelling of such zoning is therefore hampered by the lack of information on the local effective bulk composition in the sites of apatite dissolution. From point (iv) it can be more generally concluded that modelling of Ca-poor systems at anatectic conditions appears to be more influenced by apatite dissolution than by episodes of melt loss (see also Indares et al., 2008) . Therefore, any attempt to interpret Ca-zoning in garnet from anatectic rocks should carefully consider the possibility that the quantity of CaO available in the system changed during the system evolution in response to apatite dissolution. More specifically, the CaO content in the system is at its minimum as long as apatite is stable, whereas it sharply increases with apatite dissolution. The main consequence of such behaviour is that Ca zoning in garnet is controlled by both the local bulk composition of the system and variations in P-T conditions.
Monazite and zircon geochronology
Monazite crystals display a simple planar zoning with parallel broad bands and do not show any evidence of multiple growth domains with cross cutting relationships (Fig. 3c ). Monazite includes small crystals of biotite and rounded inclusions rich in Si and Al (SiO 2 80-83 wt%, Al 2 O 3 12-13 wt%), which resemble the composition of a granitic melt. The trace element composition of the dated monazite shows little variation. The REE patterns (Fig. 5 ) are characterised by strong decrease from light-to heavy-REE and a marked negative Eu-anomaly. U-Pb analysis on twelve grains returned 206 Pb/ 238 U ages between ~30 and 32 Ma (Table 3) . A Concordia age of 31.0±0.4 Ma (Fig. 8) is defined by eleven analyses with the exclusion of the youngest analysis, which has a higher Th content. The Th-Pb system returns similar ages with an average of 30.6±0.6 (MSWD 1.3, N=11). The agreement between the two systems excludes the presence of significant excess 206 Pb from the decay of 230 Th. Zircons from sample AR2 preserve a more complex internal structure than the monazite (Fig. 3d-f ). The crystals are volumetrically dominated by oscillatory zoned cores, which have a variety of zoning patterns, as commonly observed in metasediments. The cores are surrounded by thin CLdark rims that only occasionally are large enough (>20 µm) for SHRIMP analysis. The 206 Pb/ 238 U age of the 22 zircon cores dated scatter greatly between ~1590 and 425 Ma with a number of discordant analyses (Table 4 ). The youngest group of concordant analyses is at ~445 Ma (444.5 ± 4.4 Ma, 95% confidence level, MSWD = 0.53, N=4). These domains are rich in U (up to 450-2270 ppm) and have a variable Th/U ratio (0.01-0.14). The zircon rims have low Th/U (0.01-0.02) and are extremely rich in U with concentrations up to 8900 ppm. Such high concentrations are known to produce a matrix effect (Butera et al., 2004) , which has been documented to be significant above ~2500 ppm of U and leads to ages ~3% older for each 1000 ppm of U (Butera et al. 2004, Hermann et al. 2006 and Rubatto unpublished data) . When such matrix correction is applied to analyses with more than 2500 ppm of U, the clustering of the ages improve but remains poor around 27-29 Ma with scatter above analytical uncertainty. At this level of uncertainty, and no apparent CL or compositional difference between the zircon rims, it is impossible to split the population and thus the zircon rim formation age is constrained to a period between ~27-29 Ma. One single analysis remains significantly younger (apparent 206 Pb/ 238 U age 20.4±0.3 Ma).
Discussion
Kyanite-bearing migmatites in the MCTZ
This study documents the presence, at the highest structural levels of the MCTZ, of partially melted rocks formed in the kyanite stability field. Partial melting within the MCTZ has been previously recognised in Eastern Nepal by Goscombe et al. (2006) (Arun-Makalu and Tamor-Yangma transects) and by Groppo et al. (2009) (Milke Danda transect) , with the latter authors reporting a P-T evolution for the anatectic rocks. The P-T path of sample AR2 is indeed similar to that of migmatites from the Milke Danda transect (sample 38 in Groppo et al., 2009) , only shifted at slightly higher pressures and temperatures. Dehydration partial melting occurred in the kyanite stability field, implying that melt was present at pressures > 9-10 kbar. After reaching peak metamorphic conditions at T≥ 820°C, 13 kbar, sample AR2 experienced decompression accompanied by cooling down to ca. 805°C, 10 kbar ( Fig. 9 ), which caused in situ melt crystallization (i.e. in the fine-grained biotite-rich domains), the development of back-reaction microstructures (i.e. the biotite + plagioclase intergrowths, Fig. 2i -l) and the late growth of prismatic sillimanite (Fig. 3a) .
These petrologic results demonstrate that in the upper MCTZ, at least in the eastern Himalaya, crustal anatexis was earlier than, and not a consequence of, decompression linked to exhumation along the MCT. On this basis, the MCTZ anatectic rocks may be distinguished from anatectic rocks occurring in the structurally higher HHC. In the HHC, in fact, crustal anatexis is generally interpreted as a consequence of nearly isothermal decompression from the kyanite to the sillimanite field (e.g. Pognante and Benna, 1993; Harris et al., 2004; Viskupic et al., 2005) .
Early Oligocene crustal anatexis
AR2 monazite yielded a straightforward age at 31.0±0.4 Ma. Textural relationships indicate that monazite is present as inclusions in the garnet rim and in the matrix. Additionally, the presence of likely melt inclusions suggests that monazite formed in the melt field when the garnet rim was growing (i.e. at peak P-T conditions, see section 5.1 and Fig. 9 ). Additional information about the relative timing of monazite and garnet formation can be obtained from monazite-garnet trace element partitioning. A number of works have established that the equilibrium partitioning between monazite and garnet systematically decreases from Sm to Lu from ~18000 to 2-3 (Rubatto, 2002; Buick et al. 2006; Rubatto et al. 2006) . For the studied sample the trace element partitioning is calculated between average monazite and representative analyses from the three garnet zones (core, Ca-rich annulus, and rims) ( Fig. 5c ). Of the calculated partitioning, the range of partitioning with the garnet core and the Ca-rich annulus is inconsistent with published equilibrium data, whereas the partitioning between monazite and garnet rim is overlapping with published data, particularly with the data of Rubatto et al. (2006) . Therefore, microstructures, inclusions and trace element partitioning allow relating the age of monazite to that of melting and garnet rim growth. The Himalayan zircon rims are euhedral in shape, they texturally grow on partly resorbed cores ( Fig. 3d-f ) and contain high amounts of U. These are features common to anatectic zircon overgrowths (e.g. Rubatto et al., 2001 Rubatto et al., , 2009 ) and together with the low reactivity of zircon in subsolidus conditions (Rubatto et al. 2001) , suggest zircon dissolution and re-precipitation during melting. The possible implication is that melt persisted over a few million years from the formation of monazite at 31.0±0.4 Ma to the crystallisation of zircon rims at 29-27 Ma (Fig. 9) . Such a scenario would also explain the additional scatter in the zircon ages.
The monazite and zircon ages obtained for the studied sample thus provide clear evidence of an early-Oligocene anatexis in the kyanite stability field, affecting the upper portion of the MCTZ. To our knowledge this is the first report of such an old age at this structural level. Kohn et al. (2001) and Daniel et al. (2003) report maximum monazite ages of 18-22 Ma for the upper MCTZ in the Darondi region (central Nepal) and Bhutan, respectively, but no anatectic rocks have been dated in both cases. Fig. 1 -(a) Geological sketch map of the Himalaya and southern Tibetan Plateau (modified after Groppo et al., 2009 and based on Dietrich and Gansser, 1981) . SZ = Indus/Yarlung Tsangpo Suture Zone; MFT = Main Frontal Thrust; MBT = Main Boundary Thrust; MCT = Main Central Thrust; HHT = High Himal Thrust; STDS = South Tibetan Detachment System; NP = Nanga Parbat; EV = Everest; K = Kangchendzonga; Kt = Kathmandu; Ls = Lhasa. (b) Geological sketch map of eastern Nepal from Cho Oyu to Taplejung across the middle Arun drainage and the Arun Tectonic Window, after Groppo et al. (2009) . The north limit of the map (double dashed line) is the approximate political boundary between Nepal to the south, and China (Tibet) to the north. The Lesser Himalayan Sequence (LHS) and the Greater Himalayan Sequence (GHS) are sensu Goscombe et al. (2006) . (c) Enlargement across the Main Central Thrust Zone between the Arun and Barun rivers, showing the location of the studied sample AR2. Tectonic contacts define a number of thrust sheets within the upper sector of the Main Central Thrust Zone. Geology based on Bordet (1961) , Lombardo et al. (1993) , Goscombe and Hand (2000) and authors' observations. (Waters, 2001) . Note the small garnet relics in both images (Back Scattered Electron image, BSE). Fig. 2b . X Ca =Ca/(Ca+Mg+Fe), X Fe =Fe/(Fe+Mg). P, Ti and Y concentrations have been measured using the laser ablation technique; each point analysis refers to the correspondent numbers in Fig. 2b . The light grey field refers to the Ca-rich annulus, whereas the dark grey field represents the outermost garnet rim characterized by diffusioncontrolled retrograde compositions. (Table 1) . White, light-, medium-and dark-grey fields are di-tri-, quadri-and quinivariant fields, respectively. The thick line represents the solidus of the system. Dotted lines are the melt isomodes (in vol%). Peak assemblage (melt + Grt + Bt + Kfs + Pl + Ky + Qtz + Rt) is shown as field I. Black ellipses constrain the growth of garnet rim (peak P-T conditions: continuous line), and P-T conditions estimated for final melt crystallization (dashed line), as inferred from mineral isomodes and compositional isopleths (see text for discussion).The grey arrows is the P-T path inferred from sample AR2. (Table 1) Fig. 6 and 7) . The ellipses constrain the growth of garnet rim (peak P-T conditions: continuous line), and P-T conditions estimated for final melt crystallization (dashed line), as in Figs. 6 and 7. Field I is the same as in Fig. 6 . See text for discussion. Fig. A1 -P-T pseudosection for sample AR2, calculated using the bulk composition AR2a (see Fig. 6 for details), with isomodes (in vol%) of biotite, garnet, kyanite, plagioclase, K-feldspar and quartz. The thick line represents the solidus of the system. Fig. A2 -P-T pseudosections for sample AR2, calculated using the bulk compositions AR2a and AR2b (see Table 2a , Fig. 6 and 7 for details), with compositional isopleths of garnet (X Ca and X Fe ).
